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Available online 24 November 2015Background: Furan fatty acids (F-acids) are valuableminor fatty acidswhich are appraised for their protective role
against lipid oxidation of polyunsaturated fatty acids (PUFAs). Themost relevant dietary source for F-acids is ﬁsh
with the predominant occurrence of up to ﬁve dimethyl- or monomethyl-substituted homologues. During the
screening of ﬁsh from a zero discharge aquaculture (ZDA) system we noted the potential presence of unusual
F-acids.
Methods:We developed a method by gas chromatography with mass spectrometry operated in the selected ion
monitoring mode for elucidation of the structures of the uncommon F-acids.
Results: Carp from the ZDA system contained seven non-methylated F-acids with dominance of 8-(5-hexylfuran-
2-yl)-octanoic acid (8F6). Non-methylated F-acids have never been detected before in ﬁsh. Subsequent analysis
of other ﬁsh species and a batch of the ﬁsh feed conﬁrmed the presence of non-methylated F-acids.
Conclusions: F-acids in ﬁsh are derived from the feed. Our investigation indicates that more emphasis should be
put on the F-acid concentrations inﬁsh fromaquaculture, which appears to depend on the quality of theﬁsh feed.
© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Furan fatty acids (F-acids) are a group of heterocyclic fatty acids
which have been found to be valuable radical scavengers (antioxidants)
in food [1,2]. The richest food sources for F-acids are ﬁsh, milk fat, soy
beans, and different green plants [1–7]. Broadly speaking, F-acids are
found virtually in all samples where polyunsaturated fatty acids
(PUFAs) are present, although the concentrations of F-acids are usually
low. In Germany, ﬁsh is the major food source for the average intake of
F-acids [4]. Due to the notably low average daily intake of ﬁsh and sea-
food in Germany (~14.4 kg/year ﬁsh and seafood in 2013) [8], ﬁsh is
most likely also the prevalent dietary source of F-acids in many other
countries with similar or higher ﬁsh intake. The presence of F-acids in
ﬁsh may protect against mortality from heart disease [1]. Recently, up
to 22 different F-acid structures have been identiﬁed in ﬁsh liver by
means of a thorough GC/MS-SIMmethod [9]. These 22 F-acids originat-
ed from two classic families, i.e. methyl- and dimethyl-substituted F-
acids (Fig. 1). Typically, ﬁve classic F-acids (9M5, 9D5, 11M5, 11D5,
11D3) are representing the majority of F-acids in ﬁsh [3,9].
Fish populations are systematically declining worldwide due to ex-
cessive ﬁshing, pollution and destruction of spawning grounds and nat-
ural habitats [10]. Higher demand for seafood in a world of substantialVetter).
bH. This is an open access article undepletion of ﬁsh in natural aquatic bodies has led to the rapid develop-
ment of aquaculture, i.e. the managed production of aquatic animals
under controlled conditions [10]. Negative impact of conventional aqua-
culture systems on the environment (e.g. due to chemical treatments,
antibiotics, transfer of diseases to wild ﬁsh, interbreeding of escaped
cultured ﬁsh with wild ﬁsh, destruction of benthic ecosystems and eu-
trophication) [11] has prompted thedevelopment of recirculating aqua-
culture systems to overcome some of the problems encountered in
conventional aquaculture systems [12,13]. In these land-based systems,
ﬁsh are grown at high densities and water is puriﬁed to such an extent
that water replacement is limited to a daily water exchange of 10–20%
of the total water volume. Further developments in this ﬁeld have led
to the development of zero discharge aquaculture (ZDA) systems
where water is not exchanged throughout the raising of the ﬁsh. By
means of aerobic and anaerobic biological treatment loops most carbon
and nitrogen are released as CO2 andN2 in these latter systemswhereby
water use is restricted to compensation for evaporation losses only [14].
In an ongoing experiment we wish to explore whether ﬁsh from ZDA
systems are containing F-acids and at what levels. During the initial
screening of the samples for the ﬁve classic F-acids in carp and other
ﬁsh we noted peaks in the GC/MS ion chromatograms which indicated
the presence of several uncommon F-acids previously unknown to us.
The goal of the present study was to develop a methodology for
the veriﬁcation of the presence and structures of unusual F-acids in
ﬁsh (especially: carp) from the ZDA system. Different GC/MS screeningder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Structure of top: 9-(3-methyl-5-pentylfuran-2-yl)-nonanoic acid (9M5) and bot-
tom: 9-(3,4-dimethyl-5-pentylfuran-2-yl)-nonanoic acid along with the description of
the short terms according to Vetter et al. [16].
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Fig. 2. GC/MS-SIM ion chromatograms (m/z 137,m/z 151,m/z 165,m/z 179) of the furan fatty
aquaculture system. Asterisks denote new unusual F-acids described in this article.
9W. Vetter et al. / NFS Journal 2 (2016) 8–14methodswere used for studying the F-acids in ﬁllet, liver and spleen of a
carp sample. Last but not least, we aimed to investigate the potential
source for the unusual F-acids in the ﬁsh.
2. Materials and methods
2.1. Chemicals and standards
2-Propanol (≥99.8%), silica 60, AgNO3 (≥99.5%), myristic acid (14:0)
(≥98%), and butylhydroxytoluene (BHT) (≥99%) were from Fluka/
Sigma-Aldrich (Steinheim, Germany). Bulk isolute sorbent (isolute
HM-N) was from Biotage AB (Uppsala, Schweden). Concentrated
sulphuric acid (98%), Diethyl ether (for synthesis, ≥99%), NaCl
(≥99.5%) were from Carl Roth (Karlsruhe, Germany). Methanol
(HPLC grade, ≥99.85%), and n-hexane (HPLC grade, ≥99.5% were
from Th. Geyer (Renningen, Germany). The F-acids 11-(3,4-dimethyl-
5-pentylfuran-2-yl)-undecanoic acid (11D5) and 11-(3-methyl-5-
pentylfuran-2-yl)-undecanoic acid (11M5) were synthesized by
Knight and Smith [15], 10-(3-methyl-5-pentylfuran-2-yl)-decanoic11M5-EE (IS)
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10 W. Vetter et al. / NFS Journal 2 (2016) 8–14acid (10M5)was present as an impurity in the external standard, and 9-
(3-methyl-5-pentylfuran-2-yl)-nonanoic acid (9M5) was isolated (as
ethyl ester) according to Vetter et al. [16], while other F-acids were
identiﬁed based on GC and MS data of Wendlinger et al. [9].2.2. Samples and zero discharge aquaculture (ZDA)
The system consisted of a ﬁsh basin (5 m3) from which water
was recirculated through aerobic and anaerobic treatment steps [17].
By means of this treatment conﬁguration, water usage for ﬁsh growth
is extremely low as the system is operated without water exchange
and water addition is limited to compensate for evaporation losses
only. After having been cultured for 21 months in the system, common
carp (Cyprinus carpio) and other ﬁsh (hybrid tilapia (Oreochromis
aureus × Oreochromis niloticus), hybrid striped bass (Morone
saxatilis × Morone chrysops)) were analyzed for F-acids. Samples were
dissected and ﬁllet, liver and spleen were separately analyzed for F-
acids. Concentrations of the main mineral constituent in the muscle1.10
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Fig. 3. Plots of logarithmic retention times against the length of the carboxy alkyl chain of (a) m
acids with terminal propyl and pentyl chains. Note that these plots contain retention data of atissue of the ﬁsh were within the acceptable ranges. GC/MS evaluation
was based on ﬁllet, liver and spleen from one carp (weight ~ 700 g).
2.3. Sample clean-up procedure
Fish tissues were lyophilized individually followed by accelerated
solvent extraction according to Vetter et al. [16] using n-hexane/2-
propanol (3:2, v/v),mixedwith 0.1% BHT [18,19]. It followed the forma-
tion ofmethyl esters by the reaction of ~20mg lipidswith 2mLofmeth-
anol with 1% sulphuric acid at 80 °C for 90 min. The resulting fatty acid
methyl esters (FAMEs) were extracted after addition of 1 mL deionized
water, 1 mL saturated NaCl by means of 2 mL n-hexane. Ethyl esters
(EE), used as internal standards, were prepared from 11M5 (10M5) ac-
cording to Thurnhofer and Vetter [20].
F-acidmethyl esters were enriched from the FAME solution by silver
ion chromatography using ~0.5 g 1% deactivated AgNO3-silica in a
Pasteur pipette ﬁtted with a glass wool plug (ﬁlling height 4 cm) [16].
After conditioning (i) saturated and the bulk of the monoenoic FAMEs
were eluted with 15 mL n-hexane/diethyl ether (99.5:0.5, v/v) and= 0.9989
R² 
R² 
= 0.996
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ethyl furan fatty acids with terminal propyl and pentyl chains and (b) dimethyl furan fatty
dditional F-acids as recently determined with the same chromatographic conditions [9].
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tion were eluted with 15 mL n-hexane/diethyl ether (97:3; v/v). The
sample volume of the fractions was reduced and adjusted to 1 mL
with n-hexane. A solution of the second internal standard 14:0 EE
(0.625 μg in 5 μL)was added, and the samples were analyzed by GC/MS.
2.4. GC/MS methods
GC/MS measurements were performed with an HP 6890 series II
gas chromatograph coupled to a 5973 N GC/MS system (Agilent,
Waldbronn, Germany). Samples were injected splitless with an MPS2
autosampler (Gerstel, Mülheim an der Ruhr, Germany) onto a 30 m
capillary column (0.25 mm i.d., coated with 0.25 μm of 5%-phenyl,
95%-methyl polysiloxane, HP-5MS UI, Agilent, Waldbronn/Germany).
The injector and detector temperatures were set at 250 °C and 280 °C.
Helium (purity 99.9990%) was used as the carrier gas at a ﬂow
rate of 1 mL/min. The GC oven was programmed as follows: after
1 min at 60 °C, the temperature was ramped at 13 °C/min to
180 °C, at 3 °C/min to 250 °C, and at 20 °C/min to 300 °C which was
held for 5 min.
In the GC/MS full scan mode,m/z 50–650 was recorded throughout
the run. The standard method in the selected ion monitoring (SIM)
mode featured the following ions in four time windows [4]: (time win-
dow 1) 7–15 min:m/z 74, 88, 101; (time window 2) 15–25.5 min:m/z
74, 294, 308; (time window 43) 25.5–31.5 min: m/z 322, 326, 350;
(time window 4) 31.5–41.06 min: m/z 364, 378, 392. In addition, m/z
137, 151, 165, and 179 were recorded throughout the run [4].
The new GC/MS-SIM method for identiﬁcation of the unknown
F-acids was based on one run per molecular ion with the following SIM
ions: M+, [M-15]+, [M-29]+, [M-43]+, [M-57]+, [M-71]+, [M-85]+,m/z
95, m/z 109, m/z 123, m/z 137, m/z 151, m/z 165, m/z 179. Molecular
ions of F-acid methyl esters screened this way were m/z 280, m/z 294,
m/z 308,m/z 322,m/z 336,m/z 350, andm/z 364.
3. Results
All fatty acids were measured as methyl ester, but in the following
text (furan) fatty acids are only mentioned as such for the sake of sim-
plicity. F-acids in carp ﬁllet, liver and spleen were analyzed by GC/MS-
SIM after enrichment by silver ion chromatography (see Materials and
methods) [4]. Identiﬁcation of the ﬁve classic F-acids in ﬁsh (i.e. 9M5,
9D5, 11M5, 11D5, 11D3) was based on the base peak m/z 165 (xM5
with x being the carbon number of the carboxy alkyl chain), m/z 179
(xD5), and m/z 151 (xD3), and the molecular ions of F-acids with 1760 80 100 120 140 160 180
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Fig. 4. GC/MS full scan mass spectrum of the methyl ester of 8-(5-hexylfura(m/z 294, e.g. 7M5) to 24 (m/z 392, e.g. 13D5) carbons in total which
were included in the standard GC/MS-SIM method (see Materials and
methods). Compared to other ﬁsh, the F-acid levels in carp ﬁllet were
comparably low (b20mg/100 g lipids). However, the GC/MS-SIM chro-
matograms of carpﬁllet fromZDA showed additional peaks in the F-acid
fraction. For instance, the presence of 11M3 could be veriﬁed by means
of theGC retention time, the base peak atm/z 137, and themolecular ion
atm/z 322 (Fig. 2a). In addition, three peakswhich eluted after ~21min
(marked with an asterisk in Fig. 2a) were detected which featuredm/z
179, 165 and 151. These three peaks were even more prominent in
carp liver (Fig. 2b) and spleen. In the liver and spleen, the most abun-
dant peak of the three unknowns was more abundant than the classic
F-acids (Fig. 2b). Due to the high selectivity of the base peaks m/z 165,
m/z 179 and m/z 151 in the GC/MS spectra of F-acid methyl esters
these peaks most likely originated from F-acids which previously had
not been detected in previously examined ﬁsh liver samples [9]. Their
tentative assignment to F-acids was further manifested because the
three compounds eluted into the F-acid fraction during the silver ion
chromatography step. The comparably short retention times (elution
prior to 9M5) indicated the presence of unusual F-acids (e.g. m/z 165
for the most abundant one, Fig. 2).
Plots of log tR over the carbon number of the carboxy alkyl
chain resulted in straight lines for dimethyl- and monomethyl-
substituted F-acids with propyl and pentyl tails (Fig. 3) [9]. However,
the unknown and potential F-acids were found off these lines which in-
dicated thepresence of other homologues [9]. DirectGC/MS analysis of a
concentrated sample extract in the full scan mode allowed detecting
M+ at m/z 308 (Fig. 4) for the most abundant peak in the GC/MS
chromatogram, which corresponds with an F-acid with altogether 18
carbons. Yet, the molecular ion at m/z 308 is representing at least 21
F-acid isomers (Table 1) [9]. Since M+ could not be detected for any
other of the unknown (up to six) F-acids, we developed a new sensitive
GC/MS-SIM method which allowed for the unequivocal determination
of the F-acid structure based on the four characteristic fragment ions
(i)–(iv) [9,21].
GC/MS spectra of F-acids are characterized by (i) M+, (ii) base peak,
(iii) McLafferty ion and (iv) the “alkyl group identifying ion” [M-
alkyl + 14 u]+ [9,21]. The latter ion (iv) is [M-15]+ for alkyl = ethyl,
[M-29]+ for alkyl = propyl, [M-43]+ for alkyl = butyl, [M-57]+ for
alkyl = pentyl, [M-71]+ for alkyl = hexyl, and [M-85]+ for alkyl =
heptyl [9,21]. Response to the base peak (ii) was covered by screening
for m/z 137, 151, 165, and 179 (see above). Finally, (iii) m/z 123, 109
and 95 are diagnostic fragment ions for the veriﬁcation dimethyl-
substituted, monomethyl-substituted, and non-substituted F-acids,M+
[M-71]+
200 220 240 260 280 [m/z]
308
237 277
3 5 7
2 4 6 8 1 3 5
2 4 6
[M-31]+
165
95
237
n-2-yl)-octanoic acid (8F6) with structure and fragment ions inserted.
Table 1
Short terms of 21 potential F-acids with the molecular ion atm/z 308. Highest abundance
of three additional fragment ions (m/z 165,m/z 95 andm/z 237 ([M-71]+), printed in red)
is only fulﬁlled for 8F6 (see black bars).
M+, m/z 308 179, 165, 151, 137 95, 109, 123 237 ([M-71]+)
1 5F9 xxxxxxxxxxxxxxxx
2 5M8
3 5D7
4 6F8 xxxxxxxxxxxxxxxx
5 6M7
6 6D6 xxxxxxxxxxxxxxxx
7 7F7 Xxxxxxxxxxxxxxxx
8 7M6 xxxxxxxxxxxxxxxx
9 7D5
10 8F6 xxxxxxxxxxxxxxxx Xxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxx
11 8M5 xxxxxxxxxxxxxxxx
12 8D4 xxxxxxxxxxxxxxxx
13 9F5 Xxxxxxxxxxxxxxxx
14 9M4
15 9D3
16 10F4 Xxxxxxxxxxxxxxxx
17 10M3
18 10D2
19 11F3 Xxxxxxxxxxxxxxxx
20 11M2
21 11D1
12 W. Vetter et al. / NFS Journal 2 (2016) 8–14respectively. These 14 SIM ions per molecular ion were subsequently
analyzed starting with M+ = m/z 308. The resulting GC/MS-SIM mass
spectrum showed response to all ions monitored, albeit partly at low
abundance. For instance, response was detected for m/z 137, 151, 165,
and 179, i.e. the four typical base ions. Therefore, F-acid identiﬁcation
was based on the further requirement that the most abundant of the
four fragment ionswas representative for the investigated F-acid.More-
over, its abundance relative to the other diagnostic fragment ions
should be in a similar ratio as in the mass spectra of known F-acids. In
the case of the investigated F-acid, m/z 165 (i.e. the base peak ion)
was about six-fold more abundant than m/z 179. Of these two ions
only m/z 165 showed the required dominance for being the base peak
of F-acids whereas m/z 179 was exceeded by M+ and thus did not
point to the presence of an F-acid of the xD5 family. The fragment ion100 120 140 160 180 200
[m/z]
137 151
179
123109
165
95
Irel
Fig. 5. GC/MS-SIM ion mass spectrum of fourteen SIM-masses used for stat m/z 179 appears to be a minor fragment ion of F-acids showing the
base peak atm/z 165,which had also been detected at even lower abun-
dance in the mass spectra of other F-acids [9].
Response tom/z 165 andm/z 308 (M+) is fulﬁlled by three F-acids, i.e.
8-(3,4-dimethyl-5-butylfuran-2-yl)-octanoic acid (8D4), 8-(3-methyl-5-
pentylfuran-2-yl)-octanoic acid (8M5), and 8-(5-hexylfuran-2-yl)-
octanoic acid (8F6) out of the initial 21 representatives (Table 1). These
three structural options differ in the number of methyl-substituents on
the furan moiety, and this feature can be distinguished by means ofm/z
123 (valid for 8D4),m/z 109 (valid for 8M5) andm/z 95 (valid for 8F6).
To our surprise, the highest response was recorded at m/z 95. For the
same reason as discussed in the previous paragraph for the base ion,
this produced strong evidence for the presence of the non-methylated
F-acid 8F6 in the carp sample. This structure assignment was veriﬁed
by inspection of the forth ion group where highest response was obtain-
ed for [M-71]+ atm/z 237 (Fig. 5, Table 1)which conﬁrmed the presence
of a terminal hexyl tail. The full scanGC/MS spectrumof the concentrated
carp liver extract contained all described ions and no relevant ions from
impurities (Fig. 4). Moreover, the GC/MS of 8F6 also featured [M-31]+
which is formed by α-cleavage of methyl esters. Hence, the presence of
8F6 in the carp samples was unequivocally veriﬁed by GC/MS. With the
novel GC/MS-SIM method we were also able to identify those F-acids
which could not be veriﬁed in full scan mode, i.e. 6-(5-hexylfuran-2-
yl)-hexanoic acid (6F6), 5-(5-pentylfuran-2-yl)-pentanoic acid (7F5),
8-(5-butylfuran-2-yl)-octanoic acid (8F4) (all M+, m/z 280), 8-(5-
pentylfuran-2-yl)-octanoic acid (8F5) (M+,m/z 294), 7-(5-heptylfuran-
2-yl)-heptanoic acid (7F7) and 9-(5-pentylfuran-2-yl)-nonanoic acid
(9F5) (both M+,m/z 308) in the carp sample.
4. Discussion
To our surprise, non-methylated F-acids have never been detected
before in ﬁsh [22] or other animals. It is also worth noting that the
ﬁrst report on F-acids in Australian cherry (Exocarpus cupressiformis)
seed oil was based on the detection of 8F6 [23] (structure conﬁrmed
by synthesis [24]). However, subsequent analyses did not conﬁrm this
ﬁnding, and the ﬁrst report was classiﬁed as an artifact of the sample220 240 260 280 300
223 279 293
265251
237
308, M+
ructure determination of 8-(5-hexylfuran-2-yl)-octanoic acid (8F6).
21.0 22.0 23.0 24.0 25.0 26.0 27.0 28.0     [min]
Irel
9M57F7 8F6 9F5 
11M5-EE (IS)
10M5-EE (IS)
11M5 
Fig. 6. GC/MS-SIM ion chromatograms (m/z 137,m/z 151,m/z 165,m/z 179) of the furan fatty acid methyl ester fraction from ﬁsh feed used to raise the ﬁsh in the zero discharge aqua-
culture system.
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(xymenynic) acid (18:2Δ9a,11t, with a standing for allylic and t for
trans) or 8-hydroxy-18:2Δ9a,11t [25]. Subsequent investigation of dif-
ferent food samples on F-acids resulted in the identiﬁcation of several
methyl- and dimethyl-substituted F-acids but not of non-methylated
F-acids. As a consequence, naturally occurring F-acids had been deﬁned
as tri- or tetrasubstituted furan derivatives (which explicitly excludes
non-substituted F-acids) [1]. In support of this, a thorough screening
for ~400 possible F-acids did not indicate non-methylated members of
this substance class in other ﬁsh [9]. Moreover, 8F6 and 9F5 have been
used as model compounds because they were claimed not being endo-
genic to ﬁsh (carp) [22]. Yet, 9F5 was found to follow the same rules in
metabolism asmonomethyl- or dimethyl-substituted F-acids [22]. Non-
methylated F-acids (8F6 and 9F5) have been detected once in bacteria
(Dehalococcoides) in 2005 [26] and as autoxidation products of conju-
gated linoleic acids (CLA) [27,28]. Likewise formation of 8F6 methyl
ester as an artifact has been observed during the reaction of 9,12-
dioxostearic acid with boron triﬂuoride solution [29]. Artifacts due to
the analytical method in our laboratory could be excluded because we
never had the non-methylated F-acids in any sample before with the
same method, and this was conﬁrmed in a random re-examination of
existing sample extracts.
Noteworthy, F-acids are not de novo biosynthesized by ﬁsh (or other
animals) but taken up by the feed [1]. In plants, methyl- and dimethyl-
substituted F-acids are derived from PUFAs but non-methylated F-acids
have not been detected as intermediatedproducts. Likewise, biomethyl-
ation of 9F5 in ﬁsh to 9M5 or 9D5 has not been detected under normal
conditions [22] but no information existed with regard to ZDA systems.
Noteworthy, these non-methylated F-acids were not restricted to carp
but also detected in other ﬁsh (tilapia, striped bass) raised at the same
time under ZDA conditions.
All these facts pointed towards the possible presence of the F-acids
in the ﬁsh feed. Subsequent analysis of the last batch of the feed sample
used in the experiment allowed us to verify the presence of non-
methylated F-acids (Fig. 6). During the 18 months of the experiment,
different feed batches have been used over time and it is not possible
to clarify whether constant levels of F-acids had been supplied to the
ﬁsh but this seems to be the most likely source. Since non-methylated
F-acids have not been detected in plants either, it is very likely that
they were formed as artifacts during mixing, handling, and/or storage
of the ﬁsh feed.
The detection of non-methylated F-acids alongwith low levels of the
classic F-acids in our farmed ZDA ﬁsh raises the questionwhether this isalso true for other ﬁsh from aquaculture. Most published data on F-acid
concentrations in ﬁsh originate from wild catch (or the source was not
speciﬁed). Likewise, the methods used for F-acid determination in the
past may not always have included the ions required for the detection
of non-methylated F-acids. Since ﬁsh are taking up the F-acids from
the feed, the quality of the feed is crucial. Our results indicate that
more attention should be paid to this issue in the future. Therefore, a
thorough screening of farmedﬁsh on F-acids is required to verify the ex-
traordinary role of ﬁsh as a source for F-acids in human nutrition.
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